Background: Prematurity can disrupt the development of a specialized neural circuit known as suck central pattern generator (sCPG), which often leads to poor feeding skills. The extent to which suck can be entrained using a synthetically patterned orocutaneous input to promote its development in preterm infants who lack a functional suck is unknown.
Introduction
Feeding competency is a frequent and serious challenge both to the neonatal intensive care unit (NICU) survivors and to the physician-provider-parent teams. [1] [2] [3] Many of these premature infants have endured an extensive course of respiratory support (oxygen therapy, positive pressure ventilation and/or nasal cannulation) due to the immaturity of the lungs and respiratory disease. As pulmonary function improves, these infants often manifest oromotor dyscoordination, absent or weak non-nutritive suck (NNS), 4, 5 poor airway protection, dysphagia 6 and poor state control. 7 Some investigators contend that the invasiveness of lengthy intubation and oxygen supplementation procedures associated with prematurity cost the baby precious sensory and motor experiences during a critical period of brain development for oromotor pattern generation. 8, 9 Even the presence of a nasogastric (NG) feeding tube has negative effects on sucking and breathing. 10 If left unresolved, such feeding problems may persist well into early childhood and lead to significant delays in the emergence of other oromotor behaviors, including babbling and speech-language production. [11] [12] [13] The difficulties associated with establishing oral feed competence along with the additional costs for extended hospitalization underscore the need for assessment and therapeutic tools to facilitate the development of normal oral motor skills. 2, 14, 15 Feeding readiness in preterm infants is often evaluated through an assessment of the NNS. 3 This ororhythmic behavior appears between 28 and 33 weeks gestational age (GA) and is remarkably stable by 34 weeks. 16 The NNS pattern is organized into alternating epochs of burst and pause periods. A typical NNS burst consists of 6 to 12 suck cycles that occur at approximately 2 Hz followed by pause periods to accommodate respiration. 17, 18 This ororhythmic motor behavior is primarily controlled by the suck central pattern generator (sCPG), which includes bilateral internuncial circuits within the pontine and medullary reticular formation. 19, 20 The minimal circuitry for ororhythmic activity resides between the trigeminal motor nucleus and the facial nucleus in the brainstem. 19 Thus, suck represents a complex sensorimotor behavior that can provide valuable insights into the integrity of the central nervous system. 13, 21 Oral stimulation strategies have proven beneficial in developing oral feeding skills in premature infants. 14, 15, 22 Of particular relevance is the fact that centrally generated oromotor patterns produced by the sCPG can be entrained to an applied orocutaneous stimulus, which serves to induce synchronous patterned neural activity along trigeminal primary afferents and lemniscal pathways. Oromotor and suck entrainment has been demonstrated in term infants through 6 months of age using a patterned orocutaneous stimulus delivered to perioral and intraoral tissues. 21, 23 It logically follows that the developing neural networks active during suck pattern generation may benefit from a regimen of patterned orocutaneous stimulation. 21, 24 The main purpose of this investigation was to assess the effects of a new synthetic patterned orocutaneous entrainment intervention in tube-fed preterm infants on the development of NNS. A related objective was to explore the effects of this intervention on the transition to oral feed during a critical period of sCPG neurogenesis. It was hypothesized that application of a novel synthetic patterned orocutaneous stimulus that mimics the 'burst-pause' temporal dynamics of NNS would accelerate this ororhythmic behavior and potentially enhance the development of functional oral feeding skills.
Methods

Patients
The Human Subjects Committee at the Kansas University Medical Center and Stormont-Vail Regional Health Center approved the research protocol for this study, and informed consent was obtained from the parents prior to the participants' enrollment into the study following consultation with the attending physician and research nurse. A total of 31 tube-fed preterm infants (16 female, 15 male) participated in the study.
General inclusion criteria for infants included in this study were no functional suck and tube-fed at 34 weeks post-menstrual age (PMA), head circumference within 10th to 90th percentile of mean for PMA, neurological examination showing no anomalies for PMA: response to light, sound and spontaneous movements of all extremities, and with stable vital signs (heart rate, blood pressure, age-appropriate respiratory rate and oxygen saturation >92 S p O 2 ) to allow for NNS. Exclusion criteria were intraventricular hemorrhage grade III or IV, intracranial hemorrhage, periventricular leukomalacia, necrotizing enterocolitis, neonatal seizures and culture-positive sepsis or meningitis at the time of testing, or chromosomal anomalies or craniofacial malformation.
Infants matched according to birth GA, birth weight, oxygen supplementation history and oral feed level were quasi-randomly assigned to either the control or NTrainer treatment group. The control group included 11 premature infants (seven male, four female) with a mean birth GA of 29.24 (3.10) days and mean birth weight of 1038.45 g (353.98 g). The NTrain group included 20 premature infants (9 male, 11 female) with a mean birth GA of 29.11 (2.32) days and mean birth weight of 1214.20 g (428.41 g). Infants in the NTrain and control groups also had similar oxygen supplementation histories, mean 41.15 and 46.18 days, respectively. All infants were medically stable, primarily tube-fed, demonstrated minimal/no NNS patterning, with a mean daily oral feed level of 4.5% at 34 weeks PMA. The research neonatal nurse practitioner maintained a daily log of NG and oral feed history for each infant enrolled in this study. The descriptive statistics for these measures are given in Table 1 for pre-and post-intervention test sessions throughout the study.
NTrainer treatment
Infants assigned to this group received 3-min epochs of patterned oral somatosensory stimulation during gavage feeds using the NTrainer device. The patterned oral cutaneous stimulation was programmed to mimic the temporal features of NNS. As shown in Figure 1 , precision stimulus control was achieved with a customdesigned servo linear motor operating under position feedback and coupled in series with a pneumatic actuator and a silicone pacifier. A 16-bit digital-to-analog converter was used to synthesize an orocutaneous pulse train that consisted of a series of 6-cycle bursts and 2-s pause periods (Figure 2 ). Individual cycles within-burst were presented at 1.8 Hz. This synthetic pulse train was used to drive the servo motor to modulate the intraluminal pressure and shape of the infant's Soothie silicone pacifier (Children's Medical Ventures Respironics Inc.). The changes in intraluminal pressure yielded a radial expansion of the pacifier nipple of approximately 135 mm with a 25-ms rise/fall time. This novel instrumentation transformed the infant's pacifier into a 'pulsating nipple' that resembled the temporal pattern of a well-formed NNS burst. A total of 34 synthetic NNS burst-pause trains were presented to the infant during a single 3-min NTrainer session. Infants in the treatment group received the NTrainer stimulus three to four times per day during scheduled gavage feeds over a 10-day period, or until the infant attained 90% oral feeds for two consecutive days.
All interventions and NNS assessments were completed by research staff of the principal investigator's laboratory. The NICU nurses and physicians responsible for assessing feeding readiness were blind to our study. They were not involved in any way with the instrumental measurement of NNS in the study infants. Also, casual observers would not be able to differentiate babies that received the patterned orocutaneous stimulation as the same cribside workstation was used for both the Neosuck assessment and NTrainer stimulation. A separate group of seven neuroscience doctoral students from the PI's laboratory was assigned exclusively to operate all instrumentation and complete physiological recordings of NNS behaviors related to this study.
No-treatment control
Infants assigned to the control group did not receive the NTrainer patterned orocutaneous stimulus, but were given Soothie pacifiers as a control during their gavage feeds.
Advancement to oral feeding
All patients in the study, regardless of their assignment to either the NTrainer or the control group, were given the Enfamil Grad-U-Feed nurser while the transition from NG to oral feeds using standard feeding practice. These infants were monitored and managed directly by their nurses and physicians for O 2 saturation and pulse and respiration patterns (pulse oximetry) during feeds for safety. Babies were allowed to attempt oral feeds as long as their S P O 2 levels were maintained at or above 92% and stable heart rate. Babies exhibiting O 2 desats, breathing difficulties, spit-ups, postural distress and bradycardia during oral feed attempts were then fed on NG. Nutritional content was specific to each infant as ordered by the physician to satisfy caloric demands. Regarding additives, lipids were given intravenously, not orally. Other additives to the formula via bottle or NG tube included any medication that is indicated 'by mouth' (that is, vitamins, caffeine, Actigall and so on).
NNS sampling
The NNS compression pressure waveforms were digitized weekly from each infant at cribside 15 min prior to feeding using the mobile Actifier technology and real-time software developed in our laboratory known as NeoSuck. The infant remained connected to the usual NICU monitors at all times for observation of respiration, heartbeat and oxygen saturation. An infant-preferred Soothie silicone pacifier was coupled to a specially designed receiver (see Figure 1 ) that incorporated a lubricated spherical acetyl head instrumented with a Honeywell pressure transducer (DC-coupled, low-pass Butterworth @ 50 Hz, 3 Ksamples/s @ 16-bit voltage resolution).
Following a brief examination of physiologic state by the NICU nursing staff, each infant, regardless of group, was held in a Figure 1 NTrainer system engineered in our laboratory to produce synthetic patterned oral somatosensory stimulation in preterm infants.
developmentally supportive semi-inclined posture by a staff research assistant from the principal investigator's laboratory. Background/overhead lighting was dimmed in the immediate area to promote eye contact with the research assistant. Sampling of NNS behavior was not initiated until the infant achieved an optimal behavioral state, that is, drowsy to active alert (state 3, 4 or 5 as described by the Naturalistic Observation of Newborn Behavior, Newborn Individualized Developmental Care and Assessment Program; NIDCAP). 25 Three minutes of NNS behavior was digitally sampled for each infant per session.
NNS digital signal processing A 2-min sample reflecting the most active period of NNS behavior was selected from each data file based on a waveform discrimination-pressure threshold detection algorithm in the NeoSuck software program to index pressure peaks with amplitudes greater than 1 cm H 2 O. Identification of the time-amplitude intercepts for individual pressure peaks was achieved by calculation of the first derivative of the pressure signal. Zero crossings in the pressure derivative function along with a pressure recruitment rate and hysteresis function were used to index nipple compression pressure peaks in the digitized waveforms. This algorithm permitted objective identification of NNS burst activity as distinct from non-organized mouthing compressions. Six measures were obtained from the indexed records of suck, including the following minute-rate variables: (1) Total Compressions defined as the sum of all pressure events per minute, (2) Non-NNS Events defined as nipple compression pressure events not within an NNS burst sequence, (3) NNS Cycles defined as suck compression cycles with cycle periods less than 1000 ms and occurring within the NNS burst structure per minute and (4) the number of NNS Bursts that consisted of two or more nipple compression cycles. The two remaining NNS performance measures included the (5) mean number NNS Cycles per Burst, and (6) a ratiometric calculation known as NNS Cycles% Total, defined as NNS Cycles expressed as a percentage of total nipple compressions ((Burst-related NNS cycles/Total Mouthing Events) Â 100). The between-subject factor was preterm group (control versus NTrain) and the within-subject factors were session and stimulation. The NNS suck variables were measured at two weekly sessions before the stimulation phase (mean 35.2 weeks PMA) and again at two weekly sessions following the introduction of the patterned orocutaneous NTrainer stimulation (mean 37.5 weeks PMA) among the preterm infants. Measures of the suck variables completed during the early PMA phase are designated as 'PRE' scores in the results section, and measures completed during the later PMA phase corresponding to the introduction of the NTrainer stimulation phase are designated 'POST' scores. There was no significant group difference in the PRE scores (see Table 1 ), except for NNS Bursts per min (t(27) ¼ 2.78, P<.05) and NNS Cycles%Total (t(25.63) ¼ 2.51, P<.05) measured at the second session. Covariates included birth GA, birth weight and PMA at the first session.
Statistical analysis
The major question of the current analysis is whether or not there are group and/or group by stimulation differences in the mean NNS suck variable scores after they are adjusted for The synthetic pulse train used to mimic NNS burst-pause structure consisted of a series of six-cycle bursts and 2-s pause periods. Within-burst cycle rate was 1.8 Hz. NNS, non-nutritive suck.
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SM Barlow et al differences in the covariates. The mean differences were considered significant if P<.05 after using the Bonferroni adjustment for multiple comparisons. Analysis was conducted using SPSS (v.15) General Linear Model.
Results
The synthetic patterned orocutaneous input delivered as a pneumatic pulse train through a silicone pacifier proved to be highly effective in facilitating the suck CPG in tube-fed preterm infants who previously demonstrated little or no functional suck. Moreover, the accelerated development of NNS was associated with higher levels of liquid nutrient being taken orally (% daily oral feed). An example of an NTrainer intervention history and sampling of NNS motor output before and after treatment onset is shown in Figure 3 for one of the NTrain infants. The stimulus history functions in the upper panel illustrate the number of patterned orocutaneous stimulus sessions administered to this preterm infant per day and cumulatively over the 9-day intervention course. Two baseline NNS measurement points (A and B) preceding the NTrainer treatment phase revealed a poorly organized suck and absence of the classic suck burst-pause pattern, and the nurse's daily chart indicated that this infant received all of its nutrients via nasogastric tube (NG). The NTrainer intervention began on day 12. By the fourth day of patterned orocutaneous stimulation, well-organized NNS bursts were present along with 89% daily oral feed status. By day 9, strong NNS bursts were paralleled by a successful transition to 100% daily oral feed status. Prior to analysis, each of the dependent variable was examined for the assumptions of multivariate analysis, separately for control and NTrain groups. All the variables had reasonably balanced distributions with absolute standardized skewness and kurtosis scores less than 3.00, except for Non-NNS Events, NNS Cycles % Total and Percent Daily Oral Feed. For those variables for which skewness and kurtosis were not extreme, the largest standardized skewness and kurtosis scores were 4.96 (session no. 3) and 5.77 (session no. 3) for Non-NNS Events, À5.11 (session no. 4) and 7.10 (session no. 4) for NNS Cycles% Total and 6.19 (session no. 1) and 8.35 (session no. 2) for Percent Daily Oral Feed, respectively. Within each group, no substantial deviation from normality was found for each pair of the variables. The discrepancies in sample variances and sample sizes were small between two groups, and the null hypotheses of sphericity were tenable for all variables. In sum, the assumptions of normality, linearity, homogeneity of variance-covariance matrices and sphericity were satisfactory for the multivariate analysis. Covariates were considered to be adequately reliable for covariance analysis.
With the use of Wilks' criterion, the combined NNS suck variables were related significantly to the group, F(6,11) ¼ 4.31, P<.05, partial Z 2 ¼ 0.70 and marginally to the group by Stimulation interaction, F(6,11) ¼ 2.47, P<.10, partial Z 2 ¼ 0.57. A summary of the univariate tests, given in Table 2 , revealed that the group by Stimulation interaction was tenable for all suck variables, except for non-NNS compressions (P ¼ 0.07). The measure of effects size, partial Z 2 , ranged from 0.23 to 0.45, indicating that the significant interaction associations are modest.
Control infants manifested moderate growth of 26.2% in total oral compressions, spanning the 2.5-week sampling period between the PRE-(35.1 weeks PMA) and POST-NTrainer (37.5 weeks PMA) study phases. In contrast, infants assigned to the NTrainer treatment group manifested a 149.5% increase in this variable (P ¼ 0.028). Control infants manifest a 52% increase in the minute rate for suck cycle production between two study phases, whereas infants in the treatment group manifested a 320.3% increase in this variable (P ¼ 0.006). For minute rate of NNS burst production, control infants manifested a 38.7% increase, where infants in the treatment group manifested a 175.6% increase (P ¼ 0.043). Control infants manifested an 8.2% increase in the number of suck cycles per burst, whereas infants in the treatment group manifested a 120.6% increase in this variable (P ¼ 0.017). For non-nutritive cycles expressed as the percentage of the total number of mouthing events, control infants manifested a 15.2% increase in this ratiometric measure, whereas infants in the treatment group manifested a 120.4% increase (P ¼ 0.007). Lastly, control infants manifested a 2.23-fold increase in daily percent oral feed (7.22% PRE to 23.31% POST) over the test period spanning 35.1 weeks PMA to 37.5 weeks PMA, whereas infants in the NTrainer treatment group manifested a 25.53-fold increase in this measure of an infant's oral nutrient intake (2.74% PRE to 72.83% POST, P ¼ 0.002).
Discussion
The development of ororhythmic motor patterns to support a functional suck and feeding competency is a challenging hurdle facing many premature infants and the physician-providerparent teams. Lengthy intubation and oxygen supplementation procedures which truss the orofacial anatomy with tubes and tape cost the baby precious orosensory and motor experiences during a critical period of brain development for the sCPG. Neuronal circuits are shaped by experience during critical periods of early postnatal life and may remain in a waiting state until appropriate sensory 9 This notion is supported by animal studies in which deprivation of somatosensory experiences and motor restriction during the early postnatal period has been shown to negatively influence dendritic length and density of pyramidal neurons in the sensorimotor cortex of the cerebrum and Purkinje cells in the cerebellum, and degrade fine motor control. 26, 27 Conversely, sensorimotor enhancement during the early postnatal period produces elaboration of pyramidal neuron dendritic length and arborization in motor cortex and enhanced behavioral motor responses. 28 Critical periods are described as windows in development in which systems or processes are particularly vulnerable. 9 Critical periods have been demonstrated for ocular dominance, human language, speech perception, and sound localization. 29 For example, a critical period for suck development would serve to facilitate the mapping between emergent neural circuits in the brainstem and neocortex, and adapt to the infant's rapidly changing orofacial anatomy. Neural systems that demonstrate irreversible structural modification beyond a certain age may be said to have critical periods. Critical periods are not simply related to chronological age but involve a series of events which are controlled in a use-dependent manner. 9 Sensory and motor experience appears to play a key role in the onset and duration of a critical period. A lack of experience usually prolongs critical periods and delays sensory development. 29 The effects of sensory deprivation and alterations in sensory input are evident only when the manipulation of the sensory input is made during the critical period; whereas similar deprivations and alterations in a mature system yields no effect. Experience-dependent plasticity during a critical period is closely related to the maturation of sensory functions so that experience is required during the critical period in order that sensory functions fully mature.
Fortunately for the human infant, the brainstem sCPG is responsive to peripheral input 21, 23 and adapts to changes in the local oral environment. 30 The results from the present study demonstrate the potent effects of a motorized pacifier nipple on the development of NNS in preterm infants. The patterned orocutaneous experience is physiologically salient and spectrally patterned to resemble the 'burst-pause' structure of the NNS. This form of stimulation serves to entrain the activity patterns of populations of mechanoreceptor afferents located in the lips, tongue, and jaw of the neonate which in turn influence the firing patterns of the respective orofacial lower motor neurons. This is a central tenet of one of the basic principles of pathway formation, namely 'neurons that fire together, will wire together'. 31 The application of mechanosensory entrainment as a habilitation strategy has ecological validity in assisting the infant to produce an appropriate oromotor output. Moreover, this approach is consistent with contemporary ideas on the role of sensory-driven neural activity in pathway formation 32, 33 and the notion that appropriate oral experiences may be critical in the final weeks of gestation in the formation of functional central neural circuits. 34 Use of an orocutaneous entrainment stimulus also has the distinct advantage of being safe and pleasurable for the neonate, and easily administered by the physician-provider-parent teams in NICU.
The richness of the patterned orocutaneous experience offered by a computer-controlled entrainment pacifier nipple presents a new and exciting neurotherapeutic application for the habilitation of the developing oromotor system. Repeated exposure to patterned orocutaneous events, on the order of 12 to 24 min per day in the NICU presented simultaneous with NG tube feeds over the course of 7-10 days, provides the preterm infant with a neural entrainment experience that facilitates the development and strengthening of central pathways that regulate suck. Establishing the NNS provides the infant with additional benefits, including improved state control pre-feed [35] [36] [37] [38] [39] and post-feed, 40 growth, maturation, gastric motility, whereas decreasing stress 2, 6, 35, 40, 41 and enhancing oral feeds. 42 The present study has also demonstrated a significant positive relation between oral entrainment intervention and the transition to oral feed as taken from the infants' daily feed log. Establishing the NNS with patterned orocutaneous stimulation appears to provide the infant some advantage in the transition from tube to independent oral feeding and is presumed to enhance the maturation of neural systems regulating ororhythmic activity, [43] [44] [45] and promotes the development of specific sucking skills.
14,15 Future studies with larger samples are needed to assess if the patterned orocutaneous stimulation regimen as used in the present study to facilitate the suck CPG also accelerates the development of oral-respiratory coordination 46 and pharyngoesophageal motility, 47 which are necessary for safe nutritive feeds.
